The calculated liquidus projection of the Ag-Bi-Ni ternary system has been experimentally examined. Alloys were prepared by induction melting, and their microstructure studied by scanning electron microscopy coupled with energy dispersive x-ray spectroscopy. Of the primary solidification phases, (Ni) solidifies over the largest concentration range, although it was found to be narrower than calculated. The range in which Bi 3 Ni is the primary solidification phase was found to be broader than calculated. Also, the liquid miscibility gap is broader than predicted from assessed thermodynamic parameters. Differential thermal analysis was used to study temperatures of phase transitions of as-cast alloys, and recorded temperatures of melting of Bi 3 Ni and BiNi phases in ternary alloys agree well with those calculated.
INTRODUCTION
Among alloys considered as Pb-free replacement for solders used at high temperatures, Bi-2.5Ag and Bi-11Ag (wt.%) alloys are subjects of interest to investigators. 1, 2 Also, a number of Ag-Bi-X systems have been studied as possible candidates 3 to replace solders such as Sn-90Pb (wt.%). The systems studied, both thermodynamically and with respect to phase equilibria, have included Ag-Bi-Cu, Ag-Bi-Sn, Ag-BiZn, [4] [5] [6] and Ag-Bi-Ni. 7 The phase diagram of the AgBi-Ni system was thermodynamically assessed by Gao et al. 7 They found that there are no ternary intermetallics in this system, and that the solubility of Ag in the two binary intermetallics, i.e. BiNi and Bi 3 Ni, is negligible. Because of a lack of experimental data regarding liquidus surface and thermodynamics of liquid phase, they based their assessment only on experimental phase equilibria in four isothermal sections in the Ag-Bi-Ni system and thermodynamic assessed data of limiting binary systems. [8] [9] [10] The aim of this work is to experimentally verify the liquidus projection of the Ag-Bi-Ni system. This aim is achieved by identifying primary solidification phases for selected alloy compositions. The primary solidification phase is the solid phase formed first during the solidification process. 11 
EXPERIMENTAL
In total, 15 alloy compositions, lying along three sections of constant Ag to Bi molar ratio equal to 4:1, 1:1, 1:4, and one section of constant Ag to Ni molar ratio equal to 4:1 (see Fig. 1 ), were synthesized by melting accurately weighed amounts of pure constituents: Ag (99.99 wt.%), Bi (99.999 wt.%), and Ni (99.99 wt.%). Alloys were prepared by induction melting 12 in cylindrical quartz crucibles and allowed to cool in the same crucibles. In order to avoid oxidation, the apparatus was flushed with high-purity Ar (99.999 vol.%) before melting, and gas flow was maintained during melting and cooling. It took up to 40 min from switching off the induction current before the gas flow was switched off and the sample removed from the crucible. Induction melting was chosen because it allows for rapid heating and guarantees intensive mixing of liquids, thus limiting the time an alloy is kept in the liquid state. This is important in the present case, because, at the melting point of Ni, the vapor pressure of Bi is several orders of magnitude higher than that of Ni, which could lead to a mass loss in alloys. The masses of prepared alloys were checked to an accuracy of 0.0001 g and the mass loss did not exceed 1%. Next, the as-cast samples were cut along the axis of symmetry. One-half was ground and polished and, after being ultrasonically cleaned in acetone and dried in air, subjected to microstructure characterization, while samples from the second half were cut out for DTA analysis.
The DTA investigations were carried out using a Netzsch 404 F1 Pegasus. Before the DTA experiments, the sensitivity and temperature calibrations were performed by measuring the onsets of thermal effects accompanying the melting of pure elements (In, Sn, Bi, Zn, Al and Ag) using the same working conditions. The accuracy of the DTA measurement was determined to be ±1 K. Samples of 70-110 mg were ultrasonically cleaned in acetone and placed in quartz ampoules of 4 mm internal and 6 mm external diameters. Each ampoule was evacuated and flushed with Ar protective gas at least three times before it was sealed under Ar pressure lowered to 1 mbar. Ampoules were placed in an alumina crucible with a hollow bottom so that the thermocouple was directly in contact with the bottom of the ampoule. As a reference, an ampoule of the same dimensions filled with an inert gas was used. The samples were heated at a relatively low rate of 10 K/ min and DTA curves were recorded. It is known that, in the case of alloys containing a component which is more volatile than the others (Bi in the present case), a mass loss might occur which is equivalent to a change of sample composition. 13 This can be observed on heating curves (shifting peaks) if the heating runs are repeated. In order to avoid this phenomenon, we limited the number of heating runs to two as well as limited the maximum temperature to 1173 K.
A SEM-EDS study was performed with Quanta 3D FEG with an Apollo 40 SSD detector for x-ray microanalysis, at 20 kV. Microstructural observation was conducted by backscattered electron (BSE) imaging, providing information about the distribution of different elements in the samples. The quantitative EDS analysis was performed on several regions of cross-sectioned samples. To minimize the effect of interaction volume, the beam energy was two times higher than the critical ionization energy to excite the characteristic x-ray from the elements of interest. Additionally, three analyses were collected from each phase and the average value was given as a result of the measurements. The measurements have a relative accuracy of about ±1 %.
The liquidus projection and isopleths in the AgBi-Ni system were calculated from thermodynamic assessed data provided in Ref. 7 with the use of the Pandat 2.1 software package by CompuTherm. Figure 1 illustrates the liquidus projection of the Ag-Bi-Ni system calculated based on the thermodynamic assessment. 7 The calculated liquid miscibility gap extends from the Ag-Ni side up to approximately 30 at.% Bi. For the remaining part of the AgBi-Ni system, depending on composition, the primary solidification phases are: (Ni), (Ag), BiNi, Bi 3 Ni, and (Bi). The numbered points in Fig. 1 represent the alloys investigated in this study, which are listed in Table I together with their nominal composition. The EDS analysis was performed on cross-sections of as-cast alloys to check if it matches their nominal composition. The results, together with the relative error of analysis, are reported in Table I . One can see that, for alloys #3, #9, #10, #12, and #14, the average composition determined with EDS diverges from the nominal more than for the others. Aside from EDS method limitations, this can be partly explained by the randomness of distribution of the phases in each sample's volume and the fact that only one crosssection was investigated. As discussed later, we observed that alloy #15 segregates into two immiscible liquids and because of this it was not possible to determine its average composition. Figure 2 presents DTA curves, with 1-3 distinct peaks, recorded on heating for the 15 samples indicated in Fig. 1 . For all the investigated samples, a peak was recorded with onset at 535 K, which is close to the melting of the eutectic in the Ag-Bi binary system. 8 Also, for all alloy samples except for #1-#3, a peak was recorded with onset at 690 K. This temperature is roughly 45 K lower than the melting temperature of Bi 3 Ni. 9 For alloys #5, #6, #8-#15, a third peak was recorded with onset between 813 K (alloy #15) and 865 K (alloy #8). These temperatures are 50-100 K lower than the melting temperature of the BiNi phase in the Bi-Ni binary. 9 Peaks which could have been associated with liquidus transition were not recorded, either because for some alloys the liquidus is higher than the maximum temperature of the present DTA test, or because the amount of solid phase taking part in liquidus transition was too small to produce a detectable heat effect.
RESULTS AND DISCUSSION
In Fig. 3 , isopleths calculated using thermodynamic parameters 7 are shown for various molar ratios of Ag to Ni and Ag to Bi. The points in Fig. 3 indicate onset temperatures of the peaks shown in Fig. 2 . For the molar Ag to Ni ratio equal to 4:1 (Fig. 3a) , the overall agreement between the DTA results and calculations is rather good. The transition at 535 K, which corresponds to ternary eutectic liquid -> Bi 3 Ni + (Ag) + (Bi) 7 is well reproduced by the experimental data. Also, the transition occurring at 690 K is well reproduced for alloys containing a 0.4-0.6 mol fraction of Bi (alloys #4, #5, #6). For alloys #5 and #6, the third peak corresponds well with the melting of the BiNi phase. For sections of the molar Ag to Bi ratio equal to 1:4, 1:1, 4:1 ( Fig. 3b-d) , the agreement between the DTA results and calculations is not as good regarding the transitions at 535 K occurring for samples of reduced Bi content (#9, #10, #12, #13, #14). For the same alloys, regardless of differences between the calculations and experimentally determined onset, transitions corresponding to the melting of Bi 3 Ni and BiNi phases are well reproduced. For alloy #15, peaks with onset at 535 K and 690 K were recorded, which should not be present according to the calculations. The discrepancy between the calculations and experimentally determined transition temperatures is understandable considering the samples studied were not annealed before the DTA tests, and therefore their microstructure and phase composition are different from phase equilibrium. Likely, in addition to Bi 3 Ni + BiNi + (Ag) or, depending on composition, BiNi + (Ag) + (Ni), there is a substantial amount of additional low-melting Bi-rich phase. If the samples were equilibrated at elevated temperatures for a sufficient time, this Birich phase would be consumed by growing Bi 3 Ni and BiNi phases. Figure 4a illustrates the microstructure of alloy #1, with large dark grey precipitates and smaller light grey precipitates in the lighter matrix, which is composed of dotted eutectic-like areas and light areas. According to the EDS analysis in Table II , these dark grey precipitates are (Ag) with 5.6 at.% of dissolved Bi, which is about the maximum solubility of Bi in solid (Ag) according to the Ag-Bi phase diagram. 8 The smaller light grey precipitates were deduced to be Bi 3 Ni, and the light areas in the matrix are mostly (Bi) phase. Close inspection of the eutectic-like areas (Fig. 4b) revealed very small precipitates of (Ag) and larger precipitates of Bi 3 Ni in the (Bi) matrix, meaning that this is actually a ternary eutectic. 7 Based on this, Bi 3 Ni was assumed to be the primary solidification phase for alloy #1. The variation of contrast in the (Bi) matrix in Fig. 4b is a result of orientation contrast due to the channeling effect, visible at the high magnification at lower accelerating voltage (10 kV) applied to obtain this particular micrograph. Due to relatively fast cooling, fine microstructure of as-cast alloy #1 was obtained. The microstructure of the same alloy after DTA test, with cooling rate of 10 K/min, is coarse and the ternary eutectic Bi 3 Ni + (Ag) + (Bi) areas are clearly visible (Fig. 4c) . In the case of alloy #2, of the same Ag to Ni molar ratio equal to 4:1, the large light grey precipitates were found to have a composition close to the Bi 3 Ni phase, and were deduced to be the primary solidification phase. The microstructure of the as-cast alloy #3 (Fig. 5a ) is similar to that of alloy #2, although the number of precipitates of the dark grey phase and the size of precipitates of the light grey phase increased. As indicated in Table II , the dark grey phase is (Ag) and the light grey phase was confirmed to be Bi 3 Ni by x-ray diffraction (Fig. 6 ). There are distinct peaks from (Bi) and Bi 3 Ni, both overlapping with peaks from (Ag). Based on this evidence, the Bi 3 Ni was found to be the primary solidification phase for alloy #3, which contradicts the calculated liquidus projection. According to the calculated liquidus projection (Fig. 1) , the primary solidification phase for alloy #4 should be BiNi. Close inspection of the microstructure of sample #4 (Fig. 5b) , supported by EDS analysis results, revealed a fairly low number of small areas identified as BiNi, embedded in larger areas identified as Bi 3 Ni. These and precipitates of (Ag) are distributed in the (Bi) matrix. In addition, very small, single precipitates identified as (Ni) were found (marked with dotted circles in Fig. 5b ), suggesting that (Ni) may in fact be the primary solidification phase for alloy #4. The precipitates of the (Ni) phase represent a tiny fraction of the investigated microstructure and the amount is too small to produce a detectable heat effect (Fig. 2a) . Single (Ni) precipitates, only larger, are found in alloy #4 after DTA, which confirms that it is the primary solidification phase. For alloys #5 and #6 (Fig. 5c) , the (Ni) was found to be the primary solidification phase, with the number and size of (Ni) precipitates increasing with decreasing Bi concentration. A lower cooling rate in the DTA test, as shown in Fig. 5d for alloy #6, leads to coarsening of the microstructure. After DTA (Fig. 5d) , precipitates of (Ni) are significantly larger compared to the as-cast alloy (Fig. 5c) , and it is also more clear that the light matrix is a mixture of (Bi) and eutectic areas. Alloys #7-#10 share the same nominal Ag to Bi molar ratio equal to 1:4. In agreement with the calculated liquidus projection, BiNi was found to be the primary solidification phase for alloy #7. The microstructure of alloy #8 (Fig. 5e ) resembles microstructure of alloy #7, in particular BiNi is embedded in Bi 3 Ni, but the amount and size of the (Ag) precipitates and the (Bi) matrix are smaller. Only a few precipitates of (Ni) were found, all adjacent to BiNi. Therefore, the (Ni) is the primary solidification phase for sample #8, in accordance with the calculated liquidus projection. 7 In the light matrix, the area occupied by eutectic is relatively small compared to samples of higher Bi content. For alloy #9, the primary solidification phase is (Ni), whereas the remaining phases are (Ag), (Bi), BiNi and Bi 3 Ni. It is the melting of the ternary eutectic which is responsible for the peak recorded at 535 K (Fig. 2b) , as discussed earlier. The (Ni) was also found to be the primary solidification phase for alloys #10 (Ag to Bi ratio 1:4), #11, #12 (Ag to Bi ratio 1:1), and #14 (Ag to Bi ratio 4:1).
The microstructure of alloy #13 (Fig. 7a) is similar to that of alloys #10 and #12. There is one exception, however, i.e. sparsely distributed, round precipitates of 30-80 lm in diameter. The composition of these precipitates was found to be 97.4 at.% Ni, with 1.4 at.% Ag and 1.2 at.% Bi. Detailed inspection revealed that their microstructure is not homogenous but they are formed of areas of pure Ni and a kind of Ni-rich eutectic. The EDS analysis of the area of the remaining part of the sample shows that its composition is almost identical to the nominal composition of alloy #13. This leads to the conclusion that for this sample two immiscible liquids are observed. Round Ni-rich precipitates are liquid L2, whereas the remaining part of sample represents the microstructure of solidified Ag-rich liquid L1. The small amount of liquid L2, however, suggests that the composition of this alloy is close to the edge of the liquid miscibility gap. The microstructure of alloy #15 (Fig. 7b) clearly shows two solidified liquids, darker Ni-rich liquid L2 and lighter Ag-rich liquid L1. The composition of liquid L1 (Table II) differs from the nominal composition of alloy #15 (Table I) . This, and a relatively larger size of L2, indicates that alloy #15 is deeper in the range of liquid immiscibility than alloy #13. Both the alloy #13 and #15 microstructures of solidified liquid L1 are composed of (Ag), (Bi), (Ni), BiNi, and Bi 3 Ni phases. The results for alloys #13 and #15 indicate that the liquid miscibility gap in the Ag-Bi-Ni system is larger than that calculated from the assessed thermodynamic data. 7 
CONCLUSION
The liquidus projection in the Ag-Bi-Ni ternary system was experimentally studied and compared to the liquidus projection calculated based on thermodynamic assessment in the literature. There are five primary solidification phases in the Ag-Bi-Ni system: (Ag), (Bi), Bi 3 Ni, BiNi, and (Ni). The concentration range in which (Ni) is the primary solidification phase was found to be narrower than calculated, while the concentration range in which Bi 3 Ni is the primary solidification phase was found to be broader than calculated. It was also found that the liquid miscibility gap is broader than calculated. The calculated transition temperatures were well reproduced by the DTA results, except for a transition at 535 K corresponding to a ternary eutectic (liquid -> (Bi) + (Ag) + Bi 3 Ni). The reason this transition occurred in alloys of lowered Bi content is that the samples were not subjected to annealing, and therefore their microstructure and phase composition are different from equilibrium. 
